ases, including the endonuclease III homolog (NTH1) and 8-oxoguanine DNA glycosylases (OGG1 and OGG2), that The major mammalian apurinic/apyrimidinic (AP) endohave associated AP lyase activity and generate strand breaks nuclease (APE1) plays a central role in the DNA base via β-elimination (7) (8) (9) . These abnormal 3Ј-end structures excision repair pathway (BER) in two distinct ways. As (3Ј-blocking damage) prevent DNA polymerases from carrying an AP endonuclease, it initiates repair of AP sites in out repair synthesis (10) (11) (12) . Thus it is likely that oxidative DNA produced either spontaneously or after removal of base adducts form repair intermediates with 3Ј-blocking uracil and alkylated bases in DNA by monofunctional termini in vivo.
DNA glycosylases. Alternatively, by acting as a
The 3Ј-blocking ends are also direct products of ROS, which 3Ј-phosphoesterase, it initiates repair of DNA strand breaks attack and fragment the deoxyribose residues in DNA (2, 13) . with 3Ј-blocking damage, which are produced either
The ROS reaction thus produces a mixture of DNA strand directly by reactive oxygen species (ROS) or indirectly breaks with various 3Ј-end structures, including 3Ј-phosphoglythrough the AP lyase reaction of damage-specific DNA colate (3ЈPG) and 3Ј-phosphate (3ЈP) termini (2, 11, (14) (15) (16) (17) .
glycosylases. The endonuclease activity of APE1, however,
Because all 3Ј-blocking groups arising as direct and indirect is much more efficient than its DNA 3Ј-phosphoesterase products of ROS prevent repair synthesis (11, 15, 17) , it is activity. Using whole extracts from human HeLa and lymphoblastoid TK6 cells, we have investigated whether crucial for cells to remove these blocking ends before DNA these two activities differentially affect BER efficiency. The repair synthesis can be initiated. Removal of these 3Ј-blocking repair of ROS-induced DNA strand breaks was significantly groups is carried out by AP endonuclease (APE) (13, 18) . In stimulated by supplementing the reaction with purified addition to endonuclease activity for repair of the AP sites, APE1. This enhancement was linearly dependent on the the major mammalian APE (APE1), like all APEs, possesses amount of APE1 added, while addition of other BER DNA 3Ј-phosphoesterase activity (3Ј-end cleaning activity) enzymes, such as DNA ligase I and FEN1, had no effect.
(19).
Moreover, depletion of endogenous APE1 from the extract
In a multi-component reaction pathway like BER, one significantly reduced the repair activity, suggesting that particular factor may be limiting and thus critically affect the APE1 is essential for repairing such DNA damage and is overall repair efficiency. It was suggested that DNA polymerase limiting in extracts of human cells. In contrast, when uracilβ (β-pol), which carries out DNA synthesis (20,21), is the rate containing DNA was used as the substrate, the efficiency limiting factor in repair of uracil in DNA (21,22). However, of repair was not affected by exogenous APE1, presumably in contrast to the oxidized base-specific DNA glycosylases, because the AP endonuclease activity was not limiting.
repair of uracil is initiated by uracil-DNA glycosylase (UDG), These results indicate that the cellular level of APE1 may an enzyme without AP lyase activity that produces AP sites differentially affect repair efficiency for DNA strand breaks after excising uracil (7, 23) . Thus there is a clear dichotomy in but not for uracil and AP sites in DNA.
the requirement for APE1 activity for uracil repair versus repair of oxidized bases and ROS-induced strand breaks, i.e. AP endonuclease activity for the former and 3Ј-phosphoesterase Introduction activity for the latter. Suh et al. compared the two types of human APE1 activities in kinetics studies and found that the Reactive oxygen species (ROS), which are generated either AP endonuclease activity was~100-fold more efficient than 3Јendogenously as respiratory by-products or exogenously by DNA phosphoesterase activity (19). We therefore hypothesized that unlike uracil repair, the level of APE1 in the cell might human APE1 (26, 27) . The antiserum (~5 ml) was conjugated to an immunoaf- (11, 17) . Thus these substrates, except that with 3Ј-OH nicks, finity matrix (IgG-Orientation Kit; Pierce) and then HeLa WCE (1 ml) was represent the spectrum of modified 3Ј-termini at single-strand incubated with the matrix for 3 h at 4°C with gentle rocking, which was then breaks generated in DNA directly or indirectly due to ROS poured into a column and the extract subsequently eluted from the matrix by gravity. As a control, an aliquot (50 µl) of the same batch of WCE was reaction. As expected, DNA ligase alone was active with the identically incubated without the matrix. Depletion of APE1 from the matrix-DNA containing 3Ј-OH nicks but did not seal any of the other treated extract was confirmed by western blot analysis.
strand breaks ( Figure 1 ). We then carried out complete repair Figure 2 ; note that the DNase (2) . The bleomycin-treated form II DNA contained no detectable AP sites (2), because treatment with APE1 did not increase the fraction of linear I-treated plasmid DNA was larger (7 kb after which the slope of repair declined ( Figure 3A ). This
DNA repair enzymes
decrease may be due to the inhibitory effect of unrelated Human APE1 and NTH1 were purified as reported earlier (9, 31 Figure 3B ), which again validated our assay condition of repair efficiency and concluded that APE1 was not important it was possible that this effect was diminished in the crude and 400 ng (ϩϩ), respectively. The amount of WCE in each assay was 2.5 extract (38) . We believe that, in order to validate their conclu- (38) . We therefore depleted WCE of APE1 using an immunoaf-(ϩ) or without (-) 5 µg of WCE in the absence of dNTPs.
finity column conjugated with anti-APE1 antibody, which was monitored by western blot analysis ( Figure 3D, bottom) . This depleted WCE substantially inhibited the repair reaction ( Figure 3D, top) . To exclude the possibility that this immunodeincubation for 30 min. The repair reaction was independent of pletion procedure could have removed other repair enzymes the substrate DNA concentration (1-8 nM) (data not shown), in addition to APE1 or that the repair activity was simply suggesting that DNA in our assay was present in excess.
inactivated during the procedure, the depleted WCE was Under our standard reaction condition (2.5 µg WCE, 30 supplemented with purified recombinant APE1, which resulted min incubation at 30°C) the repair efficiency was enhanced in complete restoration of repair ( Figure 3D ). Therefore, 10-fold by the addition of 15 ng APE1 compared with WCE contrary to the earlier observation (38) , our results clearly alone ( Figure 3C) , reaching a level comparable with that indicate that APE1 is essential and limiting for removal of 3Јobserved with 3Ј-OH termini (compare lanes 2 in Figure 1 ). blocking damage in the repair pathway for ROS-induced DNA Repair efficiency was linearly proportional to the amount of strand breaks. exogenous APE1 when Ͻ15 ng of APE1 was used in a reaction Lack of repair enhancement by other BER enzymes containing 2.5 µg WCE. Indeed, the repair enhancement seen with 1.5 ng of APE1 ( Figure 3C ) approximately corresponded To test whether the enhancement was unique to APE1 or similar enhancement could be observed by addition of other to the amount of APE1 present in 2.5 µg of WCE (unpublished observation). Winters et al. reported that addition of anti-BER proteins as well, we tested the effect of FEN1 and DNA ligase I (32,39) on repair of ROS-induced DNA strand breaks. APE1 antibody to a 3ЈPG repair reaction did not affect the did not further affect the extent of repair (Figure 4, lane 6) . These results thus confirm the earlier studies that suggested that β-pol was limiting in repair of uracil-containing DNA (21,22). Involvement of these enzymes in the BER pathway was Discussion established earlier (39) . As shown in Figure 4A , addition of exogenous FEN1 failed to enhance overall repair (lanes 6-8
We have described a correlation between the APE1 level and compared with lane 2), while in the same experiment APE1 overall repair efficiency for ROS-induced DNA strand breaks addition caused a robust increase (lanes [3] [4] [5] . A similar absence in human cell-free extracts. Such a repair process did not only of repair enhancement were observed after addition of DNA require APE1, but was also enhanced by addition of exogenous ligase I (lanes 3 and 4 compared with lane 2 in Figure 4B ) APE1. This enhancement of repair was specific for ROSand even after supplementation with APE1 the ligase could induced DNA strand breaks, i.e. those with 3Ј-blocking damnot stimulate the reaction further (lanes 6 and 7 compared age, and was not observed during repair of uracil in DNA. with lane 5). Addition of β-pol to the reaction did not enhance Instead, β-pol and not APE1 stimulated repair of uracil, the activity either ( Figure 4C) . Therefore, the enhancement of consistent with the earlier studies (20). These two distinct BER was proportional to the level of APE1 alone. effects of APE1, namely a rate limiting role of APE1 in repair Uracil repair is not affected by APE1 addition of DNA strand breaks but not of uracil, may be due to its bipartite functions. After removal of uracil by UDG, repair of Repair of uracil, a common mutagenic lesion formed in DNA by deamination of cytosine, has been extensively investigated AP sites requires the endonuclease activity of APE1 while repair of the DNA strand breaks requires its DNA 3Ј-phospho-and is used as the paradigm for the BER pathway (21, 40, 41) . In vitro repair studies have shown that after removal of uracil esterase activity (19). All human glycosylases responsible for repairing ROS-induced base adducts have intrinsic AP lyase by UDG, the DNA strand is cleaved at the resulting AP site by APE1, which generates a 5Ј-deoxyribose phosphate residue. activity, including NTH1, which removes thymine glycol in DNA (9) , and OGG1 and the recently identified human OGG2, As mentioned earlier, this group is then removed by the dRPase activity of β-pol or FEN1 (42-44). Subsequent filling of the which repair the highly mutagenic 8-oxoguanine in DNA (8) .
It is thus possible that repair of ROS-induced base adducts nucleotide gap by β-pol and sealing of the nick by DNA ligase I or a complex of DNA ligase III and XRCC1 complete the needs APE1 for 3Ј-phosphoesterase activity and a change in the APE1 level affects the overall repair efficiency. In contrast, repair process (21, 41, 45) . To test whether APE1 could also enhance this repair process, we monitored repair of uracil by as we observed, a change in APE1 level would not have a significant effect on repair of AP sites generated by monofunc-incorporation of [α-32 P]dCMP in uracil-containing plasmid DNA present as both forms I and II ( Figure 5 ). Incorporation tional DNA glycosylases such as UDG ( Figure 5 ). The conclusion is consistent with the earlier observation that a β-pol of 32 P was undetectable in undamaged control DNA under our experimental conditions (data not shown). In contrast to the nullizygous cell line was highly sensitive to an alkylating 18. Seki,S., Hatsushika,M., Watanabe,S., Akiyama,K., Nagao,K. and agent but showed a normal phenotype to hydrogen peroxide, 
